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ABSTRACT
A wind nebula, generating extended X-ray emission, was recently detected surrounding Swift J1834.9-0846.
This is the first magnetar for which such a wind nebula was found. Here, we investigate whether there is a
plausible scenario where the pulsar wind nebula (PWN) can be sustained without the need of advocating for
additional sources of energy other than rotational. We do this by using a detailed radiative and dynamical
code that studies the evolution of the nebula and its particle population in time. We find that such a scenario
indeed exists: Swift J1834.9-0846’s nebula can be explained as being rotationally-powered, as all other known
PWNe are, if it is currently being compressed by the environment. The latter introduces several effects, the
most important of which is the appearance of adiabatic heating, being increasingly dominant over the escape of
particles as reverberation goes by. The need of reverberation naturally explains why this is the only magnetar
nebula detected, and provides estimates for Swift 1834.9-0846’s age.
Subject headings: pulsars: nebulae — pulsars: magnetars — pulsars: individual: Swift J1834.9–0846
1. INTRODUCTION
J1834.9–0846 was discovered by the Swift X-ray satellite
on 2011 August 7, experiencing a short X-ray burst (D’Elia
et al. 2011). A few hours later, another burst was detected
by the Fermi Gamma-ray Burst Monitor; and a third burst ap-
peared days after (on August 29; see Hoversten et al. 2011,
Kargaltsev et al. 2012). Follow up observations revealed that
Swift J1834.9–0846 has a spin period P = 2.48 s and a pe-
riod derivative (see Table 1) consistent with a dipolar mag-
netic field in the magnetar end of the P− ˙P diagram (Gogus &
Kouvellioutou 2011, Kargaltsev et al. 2012). The spin-down
power derived from these timing parameters is relatively high
for magnetars, although not unique.
Deep observations in quiescence revealed that
Swift J1834.9–0846 is surrounded by extended X-ray
emission (Kargaltsev et al. 2012, Younes et al. 2012). The
inner part of it has a symmetrical shape and was interpreted
as a dust-scattering halo. The outer part of the emission
has been hypothesized to be a wind nebula. However, the
latter was put in question with subsequent observations:
Esposito et al. (2013) proposed that the spatial, spectral, and
time-evolution properties of the X-ray emission surrounding
Swift J1834.9–0846 were all consistent with a dust-scattering
halo due to a single cloud located at a distance of ∼ 200 pc
from the pulsar.
Younes et al. (2016) recently reported on new deep XMM-
Newton observations of Swift J1834.9–0846, done 2.5 and 3.1
years after the burst. They still find an extended emission
centered at the magnetar position, asymmetrical, and non-
variable (even when comparing with observations dating from
2005). Younes et al. (2016) provided a discussion of what
else, other than a wind nebula, can power this emission. The
main contender, i.e., scattering of soft X-ray photons by dust,
was unfavored due to the constancy of the flux measured be-
tween 2011 and 2014 and the hardness of the X-ray spectrum
(Γ = 1 − 2). The latter is at odds with what is expected as a
result of a dust scattering of a soft burst emission (when the
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index was measured to be Γ = 3 − 4). Thus, this extended
emission is different from that found rapidly evolving in time
by Esposito et al. (2013). In this work, we shall assume these
main results of Younes et al. (2016), i.e., that Swift J1834.9–
0846 is the first nebula to be detected surrounding a magnetar,
and try to understand how can it be produced.
Tong (2016) has proposed that the nebula can only be inter-
preted in the wind braking scenario. Granot et al. (2016) pro-
posed that nebula is powered via a transfer of magnetic power
into particle acceleration. We come back to these ideas in
the discussion. However, following the discovery of low-field
magnetars (e.g., Rea et al. 2010, 2014), and of radio emission
from magnetars (e.g., Camilo et al. 2006, 2007; Anderson
et al. 2012), the existence of a rotationally-powered magne-
tar nebula would only emphasize the connection between all
pulsar classes. The recent discovery of a magnetar-like burst
from the pulsar J1119-6127 (Kennea et al. 2016), which is
already showing a PWN, further points to the possibility of a
PWN origin also for the radiation from Swift J1834.9–0846.
Additionally, we have already suggested that magnetar’s radio
emission can be powered by the same physical mechanism re-
sponsible for the radio emission in other pulsars (Rea et al.
2012). Because of all of this, we here explore whether the
nebula can be rotationally-powered using an advanced radia-
tion/evolution PWN code (Martin et al. 2016).
The rest of this work is organized as follows. In §2 we
shall discuss the possible relation of Swift J1834.9–0846 with
the supernova remnant (SNR) W41. We shall use this dis-
cussion to make initial assumptions on the pulsar’s age and
distance. In §3 we comment on the spectral energy distribu-
tion data that we shall use to constrain the model and in §4
on the assumptions on the environment and on the original
explosion that gave origin to Swift J1834.9–0846. Finally, in
§5 we present the model in detail, discussing its physical im-
plications in several subsections, and finally comment on our
conclusions next.
2. IS Swift J1834.9–0846 RELATED WITH W41?
The distance to Swift J1834.9–0846, as with many other
pulsars, is unknown. Kargaltsev et al. (2012) and Younes
et al. (2016), have associated to it a plausible distance of 4
kpc. This estimation is based in part on Swift J1834.9–0846’s
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location at the geometrical center of the SNR W41, for which
Tian et al. (2007), and then Leahy & Tian (2008), estimated a
distance of 4 ± 0.2 kpc and an age of ∼ 1+1.0
−0.5 × 10
5 yrs.
Tian et al. (2007) have, however, also considered a possi-
ble association of PSR J1833-0827 with W41. Hobbs et al.
(2005) have also pointed at the compatibility of this pulsar’s
proper motion with a putative W41 association. PSR J1833-
0827 is located about 10’ away from the edge of W41, and
in addition it has an estimated distance and a characteristic
age that are correspondingly compatible with those of W41.
Given that the properties of the SNR itself cannot be used
to distinguish the magnetar nature of the compact remnant
(see the recent work by Martin et al. 2014), we are uncertain
whether Swift J1834.9–0846 or PSR J1833-0827 is physically
associated with W41.
To complicate things further, there is yet another putative
pulsar (no pulsations were measured yet) that could be asso-
ciated with W41: XMMU J183435.3-084443 (Mukherjee et
al. 2009). This object is also close to the center of the rem-
nant and it has a faint tail-like emission that could be a PWN
or a dust scattering halo (Misanovic et al. 2011). With three
good candidates for a pulsar-SNR association and no argu-
ment of weight other than position (which applies similarly
well to XMMU J183435.3-084443 and even better to PSR
J1833-0827) the physical connection between Swift J1834.9–
0846 and W41 remains speculative.
In any case, the possibility that Swift J1834.9–0846 is lo-
cated at the vicinity of W41 even if not physically related to
it is strengthened by the appearance of a dust scattering halo
around the magnetar, as observed by Chandra and XMM, fol-
lowing the outburst in September 2011 (Esposito et al. 2013,
Younes et al. 2012). The dust scattering halo suffered lit-
tle delay in its flux decay compared to Swift J1834.9–0846,
placing a strong constraint on how near the dust should be to
the magnetar (about 200 pc, Esposito et al. 2013). Since the
dust estimation is based on CO data, and the Galactic Ring
Survey (Jackson et al. 2006) confirms that most of the molec-
ular material is in the form of a giant molecular cloud nearby
W41 rather than a blend of emissions from the near and far
distances (e.g., Albert et al. 2006, Tian et al. 2007), it is
reasonable to expect that the dust, and thus the magnetar, are
close to W41. Taken this as the main argument (and not just
the location of Swift J1834.9–0846 at the center of W41), we
shall also consider a fiducial distance of 4 kpc in what follows.
We admit that this assumption should still be taken with care
since up to ± ∼1 kpc difference would not introduce much of
a change in any of the reasoning that follows.
Even when we fix the fiducial distance to Swift J1834.9–
0846 at 4 kpc, there is still the need to consider what
is Swift J1834.9–0846’s age. Of course, this is related
to the assumption regarding the physical relationship of
Swift J1834.9–0846 with W41. If they are related, the mag-
netar age is likely larger than 50 kyr. If they are not, and
its localization with respect to W41 happens just by chance,
Swift J1834.9–0846 can (also) be much younger and compat-
ible with the characteristic age of the pulsar, τ = P/2 ˙P of only
4.9 kyr.
If Swift J1834.9–0846 would be part of a middle age mag-
netar/SNR complex (say, of 60 kyr or older), we would need
to confront the significant discrepancy with its characteristic
age estimation. In general, for middle-aged or old objects, τ
overestimates the age. Here, it would be the opposite, albeit
this situation would not be totally unreasonable a priori. In
the case of PSR B1757-24, for instance, an association with
SNR G5.4-1.2 and the consideration of the pulsar’s proper
motion argue for a real age larger than 39 kyr (and perhaps
as large as 170 kyr), with the characteristic age being only 16
kyr (Gaensler & Frail 2002). For a pulsar of constant moment
of inertia, the initial spin-down timescale is (e.g., Gaensler &
Slane 2006)
τ0 =
P0
(n − 1) ˙P0
=
2τc
n − 1
− tage, (1)
where n is the braking index, and P0 and ˙P0 are the initial
period and its first derivative. Assuming that the angular fre-
quency Ω = 2π/P of the pulsar evolves in time as ˙Ω = kΩn
where k is a constant that depends on the magnetic moment of
the pulsar, we find n = Ω ¨Ω/ ˙Ω2 ≃ P ¨P/ ˙P2. Only few n-values
are known, and all but one are less than 3, see Gotthelf (2016).
Swift J1834.9–0846 would require n < 1.164 and 7.0 × 1042
erg s−1 of initial spin-down power in order to reconcile τ with
its putative 60 kyr of age. These parameters would be even
more extreme the larger the age. One can conclude that the
previous formulae are not valid for this (or any) magnetar,
e.g, that the moment of inertia or the magnetic moment is not
constant, and that the current values of P and ˙P are not the
result of a pleasant evolution since birth. If so, significant de-
viations between τ and the age can occur. Another possibility
is wind braking (Tong et al. 2013), which can be effective
during some epochs of the neutron star life and would also
explain high values of ˙P (and thus reversal of the τ > age
relation). Of course, the non-validity of the former formulae
can similarly apply to all pulsars.
However, since Swift J1834.9–0846 is still today close to
the center of the remnant, and even within its own nebula,
is its proper motion directed along the line of sight? In 60
kyr, a velocity of 400 km s−1, as it has been found typical for
pulsars (Hobbs et al. 2005), would have made Swift J1834.9–
0846 travel towards the edge of W41 or even beyond, what
is in disagreement with observations. In fact, being conserva-
tive, in order for Swift J1834.9–0846 to remain at the central
10% of the size of W41, it would need to have a traverse ve-
locity smaller than 50 km s−1, which is a factor of five smaller
than the mean of the 2D velocities measured for all pulsars
(Hobbs et al. 2005). The larger the age, the larger this dis-
crepancy would be. Whereas as far as we are aware there is
no measurement of the proper motion of Swift J1834.9–0846,
it would be unlikely that its vector direction would allow its
current location if physically related to W41.
Thus, on the one hand, because of the scattering
halo argument commented above, we shall consider that
Swift J1834.9–0846 has a fiducial distance around 4 kpc. On
the other hand, and to explore the plausibility of models, we
shall consider three cases for the age ∼ 60%τc, ∼ τc, and
∼ 1.6τc with different braking indices, implicitly unfavoring
the association with W41. However, we note that whereas
there is a constraint on the distance assumption, there is no
real observational constraint on the age of Swift J1834.9–
0846: It could also be older if the braking index n is very
low, or if the braking is not dominantly magnetic. We just do
not know this. The assumption of a young age for the mag-
netar is made with the aim of exploring the plausibility of the
usual range of braking indices in a normal evolution of the
spin-down, as usually assumed for all other pulsars and their
nebulae.
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3. SPECTRAL ENERGY DISTRIBUTION
For the spectral energy distribution (SED) we shall consider
the X-ray detection of the magnetar nebula by Younes et al.
(2016), which drives this investigation. We concurrently con-
sider, also following Younes et al. (2016), that the nebula
emission is constant within errors in a period of at least 9
years. This is the only part of the SED for which we can
be certain it is coming from Swift J1834.9–0846.
In the radio band, we take the radio upper limits derived
from the Very Large Array (VLA) observations at 20 cm
(Helfand et al. 2006) and the 1.1 mm Bolocam Galactic Plane
Survey (Aguirre et al. 2011) within a 0.10 radius around the
position of XMMU J183435.3-084443 (see Abramowski et
al. 2014). These upper limits are not constraining any of the
models we study, and are thus not plotted.
At GeV energies, we make use of the upper limits imposed
by Li et al. (2016) using 6-years of Fermi-LAT data. We have
therein provided a dedicated analysis of all magnetars, includ-
ing Swift J1834.9–0846. For the latter, we removed the sur-
rounding gamma-ray sources, and modelled out W41, so that
our upper limits apply to the Swift J1834.9–0846’s nebula di-
rectly. We also take into account the detection of W41 itself at
higher GeV energies as upper limits for Swift J1834.9–0846
emission (e.g, Abramowski et al. 2014).
The source HESS J1834-087 (Aharonian et al. 2006, Albert
et al. 2006) is spatially coincident with Swift J1834.9–0846.
Dedicated investigations of the TeV source (see Aharonian et
al. 2006, Albert et al. 2006, Tian et al. 2007, Li & Chen
2012, Castro et al. 2013, Abramowski et al. 2014) have all
concluded that it may be originated in the interaction of parti-
cles accelerated in the W41 SNR with molecular clouds in the
vicinity. Frail et al. (2013) detected OH (1720 MHz) maser
line emission, emphasizing the physical association between
the SNR and the molecular material. This, together with a
hard X-ray spectrum that could originate from synchrotron
emission of secondary electrons (Yamazaki et al. 2006), fur-
ther sustains a hadronic interpretation.
PSR J1833-0827 is 20’ away from HESS J1834-087 and
is thus likely unassociated to it. No nebula is known to ex-
ist around PSR J1833-0827. However, if the source around
XMMU J183435.3-084443 is a PWN, it could also con-
tribute to the HESS detection; a magnetar nebula could too.
Abramowski et al. (2014) find that the best-fitting model to
the HESS excess counts map is that given by a point-like
source coincident with the the position of XMMU J183435.3-
084443 within errors plus a Gaussian. The latter could rep-
resent the hadronically-produced gamma-rays also seen by
Fermi; the former point-like TeV source could be produced
by the PWN powered by the putative pulsar. However, the
absence of timing parameters for XMMU J183435.3-084443
on which to base the energetics in the model, would empha-
size the care needed to consider these results. Note too that
the SNR-molecular cloud interaction could also generate a
rather peaky component at high energies if the cloud com-
plex is formed by compact knots, as seem to be the case (Tian
et al. 2007). This would be similar to the case of IC 443 (Al-
bert et al. 2007, Humensky et al. 2015), also modelled with
hadronic interactions (Torres et al. 2010, Li & Chen 2012).
Finally, the nearness between XMMU J183435.3-084443 and
Swift J1834.9–0846 would make them barely distinguishable
for an instrument with ∼ 0.10 of angular resolution.
Thus, due to the clear plausibility of other emitters (i.e., a
possible XMMU J183435.3-084443’s nebula, and especially,
TABLE 1
Parameters for the spectral simulations and matching model
Measured
Period (today) P 2.48 s
Period derivative (today) ˙P 7.96 × 10−12 s s−1
Nebula radius (today, at d) R 2–4 pc
Computed from P and ˙P, assuming n, tage
Characteristic age (today) τ = P/[2 ˙P] 4.9 × 103 yr
Spin-down luminosity (today) Lsd = 4πI ˙P/P3 2.1 × 1034 erg s−1
Dip. magnetic field (equator, today) Bdip = 3.2 × 1019(P ˙P)1/2 1.4 × 1014 G
Initial spin down age τ0 [depends on n, tage]
Initial spin down luminosity L0 [depends on n, tage]
Magnetar assumptions
Distance d 4 kpc
Real age tage ≪50 kyr
Braking index n [2–3]
Supernova Explosion and environment
Energy of the Supernova Esn 1051 erg
Ejected mass Me j [7–13] M⊙
ISM density ρ [0.1–3] cm−3
Specific spectral model (see text)
Real age tage 7.97 kyr
Braking index n 2.2
Initial spin down age τ0 280 yrs
Initial spin down luminosity L0 1.74 × 1038 erg s−1
Ejected mass Me j 11.3 M⊙
ISM density ρ 0.5 cm−3
Energy break at injection γb 107
Low energy index at injection αl 1.0
High energy index at injection αh 2.1
Containment factor (< 1) ǫ 0.6
Magnetic fraction (< 1) η 0.045
Nebular magnetic field B 4.8 µ G
FIR energy density (T f ir = 25 K) w f ir 0.5 eV cm−3
NIR energy density (Tnir = 3000 K) wnir 1 eV cm−3
a SNR-cloud interaction), we shall consider that the TeV data
from HESS J1834-87 represent upper limits to the putative
TeV emission of the magnetar nebula. A less conservative but
still sustainable assumption would be to consider that just the
TeV point-like source (blue points in figure 7 of Abramowski
et al. 2014, about 70% of the total flux) are themselves the
upper limits to the TeV contribution of Swift J1834.9–0846.
4. ENVIRONMENT AND ORIGINAL EXPLOSION
Tian et al. (2007) concluded that the interstellar medium
density (off the clouds) in the vicinity of W41 could be as
high as 6 cm−3, although this would be subject to strong local
variations. Given that the magnetar seems to be about 200 pc
from most of the scattering material (Esposito et al. 2012), we
shall consider a range of lower densities (0.1, 0.5, 1, 2, and 3
cm−3).
The photon background is unconstrained, but given that the
region is dusty and active, it is likely above usual Galactic
averages. We shall consider, apart the CMB, two contribu-
tions at IR and FIR energies, see Table 1. The TeV emission
would function as an indirect constraint to the photon energy
densities when other parameters of the model (defining the
synchrotron part of the spectrum) are defined.
For the explosion of the progenitor star, we shall assume a
type II SN. Related parameters will be Esn and Me j, the energy
of the supernova (SN) and the total ejected mass during the
explosion, respectively. We shall consider that the explosion
energy is the standard 1051 erg.
5. MODEL AND RESULTS
We consider that the magnetar is constantly injecting high
energy particles similarly to what happens in any other
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rotationally-powered PWN. We use the model described in
detail in Martin, Torres & Pedaletti (2016) to study the radia-
tion of the magnetar nebula. This model computes the evolu-
tion in time of the pair distribution within the PWN, subject to
synchrotron, inverse Compton, and Bremsstrahlung interac-
tions, adiabatic losses, and accounting for escaping particles.
Critical formulae are shown in the Appendix. Full expressions
for the radiative losses can be found in Martin, Torres, & Rea
(2012). All time dependences are included both at the level
of spin-down, injection, and losses. The magnetic field varies
in time as a result of the balance between the instantaneous
injection (the fraction of spin-down that goes to power the
magnetic field, η, which is assumed constant in time) and the
adiabatic losses of the field due to the expansion of the PWN.
The radiative losses of the particle population are taken into
account also when determining the inner pressure of the neb-
ula. The injection function for pairs is assumed as a broken
power law. The radius of the PWN is computed taken into
account reverberation processes when they happen, according
to age, progenitor explosion, medium density, and pressure.
After reverberation, a Sedov expansion is activated when the
PWN pressure reaches that of the SNR’s Sedov solution. No
additional source of energy, other than rotational, is assumed
in the model.
5.1. Size constraint
Assuming that a ∼3σ deviation from the background level
represents the radius of the nebula, it is ∼2.9 pc (equivalent of
150 arcsec at a distance of 4 kpc, following Fig. 1 of Younes et
al. 2016). Given that anisotropies are not considered, a radius
between 2 and 4 pc would then be an acceptable outcome of
models: The aim of this first exploration is not to match the
spectra, but rather to find out in which regions of the phase
space, an acceptable radius could arise.
At different putative ages, the PWN evolution should be
such that the ∼2.9 pc-radius is observed today. This neces-
sarily implies differences in models, e.g., regarding evolution-
ary stage, medium density, ejected mass, and magnetic field;
in case the size constraint can be accommodated at all. The
larger the density, for instance, the faster the nebula will be in
reverberation, or even pass this stage to slowly expand in the
Sedov phase. Let us now briefly consider the three putative
ages noted in §2 with regards of the nebula radius.
Age ∼ 60%τc: Here we shall assume that the really young,
3000 years-old magnetar has a braking index n = 2.5, in
which case the spin-down age is larger than the pulsar’s, or
n = 3, in which case, the pulsar’s spin-down age is about 2/3
of its real age. In neither of these cases, we are able to obtain
a satisfying solution: the PWN is not energetic enough to in-
flate a bubble of 3 pc. The nebula would be in free expansion
(see the range of other explored parameters in the first pan-
els of Table 1), but given the short age, the size of the nebula
would be smaller than observed.
Age ∼ τc: We have also explored the same two values
of braking indices (2.5 and 3) for an age similar to τc. In
this case, for medium densities larger than 1 cm−3, the PWN
would be at or have past reverberation for essentially any
value of the ejected mass. This implies a significant reduction
in size. The compression is not fully compensated when the
Sedov expansion continues, since the nebula grows at a slower
pace than in the initial free expansion phase. For smaller
medium densities, we find nebulae in free expansion, but they
do not reach a size of about 2.9 pc either, similarly to the case
above.
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Fig. 1.— Matching solution with 7970 yrs of age for a rotationally-powered
magnetar nebula at the start of the reverberation phase. See text for the SED-
data references, and for discussion.
Age ∼ 1.6τc: For an age of about 7900 years, we have ex-
plored braking indices equal to 1.7 and 2.2, so that we con-
tinue to use Eq. 1. Here again, the three evolutionary stages
appear, although for most of the values of the medium density
but the smallest ones explored (e.g., 0.1, 0.5 cm−3) the neb-
ula would already be past compression or at this stage, and a
significant reduction in size is found as a result thereof. How-
ever, the radius of the nebula can be matched at this age for
a range of models having ejecta mass and medium density
within reasonable values.
One can conclude that a young magnetar could perhaps ac-
commodate the X-ray results in a limited range of ages only:
For the smaller values of ages considered, the pulsar would be
too young to be free-expanding a rotationally-powered nebula
up to the size detected; for larger values of age, the PWN ex-
pansion would have been already stopped by the medium and
even when re-expanding, its size would be smaller than de-
tected. Solutions preferred from the perspective of the nebula
radius are then those having an age around 1.6τc, at the end of
the free expansion phase or the beginning of the compression
phase, where the nebula has not yet time to be compressed
too much by the reverberation process. Now we must also see
whether the predicted spectrum and the X-ray luminosity can
match the observations.
5.2. Example of a spectrally-matching model
We have fixed the ejecta mass and medium density to
11.3 M⊙ and 0.5 cm−3, respectively, for further exploration;
and considered the standard explosion energy. Within this
scenario, we find that the spectrum can be matched with rea-
sonable choices of other parameters related to injection and
the magnetic field, which result to be rather similar to other
rotationally-powered PWNe. An example is given in Fig. 1,
which shows the predicted spectrum at the pulsar’s age, re-
sulting in 7970 yrs, in comparison with X-ray data and multi-
frequency constraints. The parameters used are given in the
last panel of Table 1. Based on this result, the magnetar neb-
ula could be rotationally-powered.
We shall now analyze the solution in detail, and for this
we shall also make use of the characterization of the model
given in Fig. 2. We shall also compare this solution with
those obtained for other nebulae. In particular, we shall use
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Fig. 2.— Details of the spectral-matching model for the Swift J1834.9–
0846’s nebula presented in Fig. 1. The panels show the time evolution of the
nebula relevant radii, magnetic field, and pressure.
the results obtained for CTA 1, where the theoretical model
used was the same (see Martin et al. 2016), and the studies
of nebulae presented earlier by Zhang, Cheng & Fang (2010),
Tanaka & Takahara (2010), Bucciantini et al. (2011), Vorster
et al. (2013), and Torres et al. (2013a, 2014). Apart from
significant differences among themselves, which sometimes
caveat a direct comparison, the models used in most of these
latter cases do not account for reverberation. In fact, models
including reverberation are lacking in the literature for most
nebulae. Still, this comparison is useful for context, in the
understanding that the low-age and powerful nebulae studied
earlier are most of them free-expanding.
The first panel of Fig. 2 shows the evolution in time of the
relevant radii in the model. The nebula has started to com-
press about 400 yrs ago, when the reverse shock got to the
PWN shell. Today the modelled nebula has a radius of 2.9 pc,
compatible with observations. The SNR radius is at about 10
pc, what would place it near to, and for the most part super-
posed with W41. This would make its detection, as well as its
differentiation with W41, extremely difficult.
The matching spectrum shown in Fig. 1 is obtained with
an instantaneous sharing of spin-down power into magnetic
energy η = 0.045. This low percentage for the magnetic
field energization is rather similar to all other nebulae mod-
elled, making this one too a strongly particle-dominated sys-
tem. Today’s magnetic field in the nebula (see second panel
of Fig. 2) is 4.8 µG, and make this case similar to G292.2-
0.5, HESS J1336-645, or CTA 1. The value of η and the field
puts the nebula far from equipartition, what is also the case
for all other systems studied (see references quoted in §5.2).
As shown in the inset of the second panel, the magnetic field
is currently being enhanced by the compression process. The
same happens with the nebula pressure (see third panel of Fig.
2).
The low spin-down power reflects on the dim spectral en-
ergy distribution shown in Fig. 1 but also on the electron
spectrum (discussed in the next sections), which maximum
is about two orders of magnitude smaller than that obtained
for more luminous nebulae (e.g., G54.1+0.3, G0.9+0.1, or
G21.5-0.9). This is again comparable to the cases of G292.2-
0.5, or CTA 1 and also of Kes 75.
In the matching model presented in Fig. 1, we have a
Lorentz factor for the electron break at injection of 107 and
a containment factor of 0.6.3 The break appears to be at the
high end of the previously-studied nebulae. It is comparable
(a factor of 2 higher) to the break fitted in the case of G292.2-
0.5, and about a factor of 10 higher than that found for most
other nebulae. However, the interplay with dependences on
other spectral parameters can reduce the break energy, and
we should consider that reverberation may also impact onto
the break value. We discuss both of these effects below. In
any case, the high Lorentz factor of the break implies that
particles are accelerated up to TeV energies. This is needed
since the low value of magnetic field would require such high-
energy particles to emit X-ray photons: The electron energy
E needed to produce a synchrotron photon with keV energy
is (e.g., De Jager and Djannati-Atai 2009)
E ∼ 220E1/2keVB
−1/2
µG TeV. (2)
Still, the magnetar is not a pevatron at any moment of its
history. The maximum energy at injection increases up to a
Lorentz factor of less than ∼ 6 × 109 in the first few hundred
years of the magnetar’s life, and then decreases to ∼ 2 × 108
today. This change of behavior appears due to the influence of
two limiting constraints, the synchrotron limit at early times,
and the confinement of the particles inside the termination
shock of the PWN, thereafter (see Appendix).
The values of the spectral indices at injection are compa-
rable to those obtained for other nebulae, including those as-
sociated with more powerful pulsars. The lack of radio data
gives an extra degree of freedom to these values.
3 The containment factor is the ratio between the Larmor radius of the pairs
and the termination shock radius (see e.g., de Jager and Djannati-Atai 2009).
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The different components contributing to the spectrum at
high energies are noted in Fig. 1, and the energy densities
of the NIR and FIR photon background are chosen such that
their contribution makes the spectrum still compatible with
the most restrictive of the TeV constraints. Inverse Compton
against the CMB photons dominates the spectrum at high en-
ergies, but it is not far from the FIR contribution for the cho-
sen energy density. The self-synchrotron contribution is out
of the plot in this scale. If this model for Swift J1834.9–0846
realizes in nature, the nebula could be particularly contribut-
ing to the high energy end of the TeV spectrum.
Considering particle losses (or gains), the values for the
timescales are
ti =
γ
γ˙i(γ, t) , (3)
with γ being the particle’s Lorentz factor, the sub-index i
representing each of the processes, and γ˙i(γ, t) standing for
the particle’s energy change. At low energies, the adiabatic
timescale,
tad ∼
R(t)
v(t) , (4)
is the smallest (which is the usual case). Since the nebula is in
reveberation, the adiabatic timescale along compression actu-
ally represents a characteristic time for gains (and not losses)
in the particle’s energy. We discuss this situation in detail in
§5.4. At higher energies, and due to the small magnetic field,
the escape of particles, which we described via Bohm diffu-
sion,
tBohm ∼
qB(t)R(t)2
2mec3γ
, (5)
dominates over synchrotron losses; (q,me) are the electron
charge and mass, respectively. Synchrotron losses are defined
as
tSync ∼
γ
4
3
σT
mec
UB(t)γ2
, (6)
where σT = (8π/3)r20 is the Thomson cross section, r0 is the
electron classical radius, and UB(t) = B2(t)/8π is the energy
density of the magnetic field.
5.3. Time evolution
Fig. 3 shows the time evolution of the electron spectrum
and the SED for the matching solution presented in Fig. 1.
The model predicts no significant change in the X-ray output
of the nebula in a timescale of a decade around the age today.
This is in agreement with observations too, and predicts that
the nebula luminosity in X-rays will also remain rather stable
in the following years. However, this is not the case forever,
and our descendants should see a significant time evolution
of the SED. This evolution is not linear, since the reverbera-
tion process is rather steep. The system will be more lumi-
nous first, until most of the high-energy electron population
are burned off and re-expansion starts. In this solution, the
bounce will happen at about 8370 yrs. The electron distribu-
tion will significantly decrease in the re-expansion of the neb-
ula (see the population at 9000 yrs and beyond). However, at
the beginning of the re-expansion, the concurrent high-value
of the magnetic field due to the earlier compression (it is still
at about 200 µG at 9000 yrs, for instance) will make for a
sustainable synchrotron power. This explains why the level
of the X-ray part of the SED is maintained or even increases
up to this time, despite the significant reduction in the number
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Fig. 3.— Time evolution of the matching solution discussed in Fig. 2: elec-
trons and SED.
of pairs. Such magnetic effect does not apply to the inverse
Compton yield, which will then decrease all along. When
pairs are burned off at the start of the Sedov phase, while the
high-energy particles are slowly building up only by injection,
the synchrotron luminosity will finally decrease (see the SED
at 20000 yrs). The radius that this future nebula will have is
smaller than 1 pc, having been affected by the strong com-
pression process, which goes almost unimpeded due to the
relatively low pulsar power.
It is interesting to note too what has happened before reach-
ing the current age. Fig. 3 compares the current SED and
electron spectrum with their values at 6000 and 7000 yrs. At
both of these ages along the nebula evolution, the pulsar was
still free expanding. The larger the age (at 7000 vs. 6000 yrs),
the PWN was larger (5.0 vs 4.3 pc), the magnetic field was
smaller (1.65 vs 2.25 µG), and more particles were affected
by losses, for which the timescales started to be of compara-
ble magnitude to the age (see next). Thus, the electron pop-
ulation is larger at 6000 yrs than at 7000 yrs, and the SED
is correspondingly more luminous. What happens next, be-
tween 7000 yrs and today, depends strongly on the reverber-
ation process, and constitutes the reason why the nebula can
actually be observed.
5.4. The impact of the dynamical evolution of the nebula
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To understand why the impact of reverberation on the abil-
ity of the model to match the data is critical, we now consider
models without reverberation. In these models, the PWN is
considered to be free-expanding all the way up to the same
assumed, current age. All parameters are as those given in
Table 1.
Fig. 4 shows that for the current age, the losses in both
the reverberating and the non-reverberating models are domi-
nated by adiabatic ones at low energies, and by escaping par-
ticles (assuming Bohm diffusion) at high energies. The latter
is unusual: in general, synchrotron emission dominates the
losses of high energy particles. For Swift J1834.9–0846’s
nebula, the magnetic field is so low, that the synchrotron
timescale is quite large in comparison to the escape one. This
low nebular B is a result of the low spin-down power, and is
unrelated with the high magnetic field at the pulsar surface.
Since escape losses are catastrophic, this difference is not
minor. The escape of particles is actually removing electrons
from the phase space instead of moving them into lower en-
ergy bins, and thus keeping them for further production of ra-
diation. This is considered in the difussion-loss equation that
leads to the electron population (see the Appendix), where
the escape term is differently considered from the continu-
ous losses, as usual (Gynzburg & Syrovatskii 1964). As soon
as the energy of the particles is high enough for the escape
timescale to play a significant role, the spectrum of electrons
will thus significantly decrease.
The dominance of the escape timescale over the syn-
chrotron one in non-reverberating models is even enhanced
in comparison with reverberating cases. The magnetic field is
lower (0.7 vs 4.8 µG at 7970 yrs) and the synchrotron losses
are consequently smaller. In addition, the radius of the neb-
ula is larger (8.1 vs 2.9 pc at 7970 yrs) in the free expanding
case, leading to a larger adiabatic timescale. The latter is inde-
pendent of the particle’s energy, and is essentially unchanged
along the evolution of the free-expanding nebula, resulting in
approximately 8000 yrs. This is also the case for the evolu-
tion that takes into account reverberation, as long as the com-
pression does not start. The first panel of Fig. 4 shows the
relevant losses at 7000 years in both cases considered for the
dynamical evolution. Up to that age, the losses, the electron
spectrum, and the SED in both models are close to each other.
Subsequent panels in Fig. 4 show that whereas the free-
expanding evolution keeps an almost constant level, the adi-
abatic timescale in reverberation significantly decreases as
time goes by. Most importantly, the adiabatic timescale along
reverberation is no longer representing losses, but energiza-
tion of particles: the environment is transferring energy to
the PWN. An smaller adiabatic timescale makes for quick
and significant energization of particles that would immedi-
ately participate in enhancing the synchrotron spectrum. For
instance, even at the relevant energies for X-ray production,
around γ ∼ 1 × 108 and beyond, the losses are dominated by
diffusion before reverberation, whereas they are rapidly over-
taken by the adiabatic heating timescale when reverberation is
ongoing. Given that the timescale for heating is of the order
of the duration of the compression, more and more particles
participate in generating the X-ray yield. The dominance of
this timescale also translates in the preservation of the over-
all shape of the electron distribution, and the required (high)
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energy break of the matching model. The effect upon the en-
ergy break is then similar to the case of HESS J1507-622 (see
Vorster et al. 2013).
Without considering this reverberation effect, the predicted
SED would be far from the observational data. This can be
seen in the second panel of Fig. 5, where a comparison of the
time evolution of the SEDs is done. For the non-reverberating
case, the spectrum does not change its shape, and the only vis-
ible effect is a small reduction of the nebula particle content
(and thus a less luminous nebula) the larger the age. This is
expected, since the losses are essentially constant as time goes
by, and thus more particles get affected by them the older the
nebula is. Due to this effect, no solution can be found with a
nebula in free expansion, not even varying other parameters
(e.g., assuming a much larger magnetization). In these mod-
els, high energy particles irremediable escape without loosing
significant energy, whereas low energy particles are never en-
ergized since the adiabatic timescale is always representing a
loss. We also note that non-reverberating models at smaller
ages, even at the ages that in this setting would be producing
a nebula of the same size than observed (around 5500 years)
will also significantly underpredict the spectrum at X-rays,
for the reasons stated. The difference is of several orders of
magnitude.
5.5. The impact of diffusion
A discussion of the impact of our assumption of the Bohm
timescale for diffusion is in order. As stated, diffusion plays
an important role in the output of the model since at high parti-
cle energies it dominates (over all other processes) the losses
of particles (see Fig. 4). If no diffusion is considered at all
(equivalently, if the timescale for diffusion becomes infinity),
there will be more particles within the nebula, and thus more
energy as well. This effect is clearly visible even if there is
sub-Bohm diffusion (where, e.g., the diffusion coefficient is
10 times smaller, and the timescale is 10 times larger than
Bohm’s). Fig. 4 shows that if just before reverberation (say
at 7000 years) there is a factor of 10 increase in the diffusion
timescale, essentially all particles in the nebula (except those
at the very high energies, with Lorentz factors beyond ∼ 109)
are unaffected by escape. The amount of energy lost via dif-
fusion is important (at the start of the reverberation, the dif-
ference in energy content in a nebula for which we consider
models with and without diffusion can amount up to 50%).
These extra energy and particles would yield an important
increase in the predicted SED, which would in fact violate
the constraints at X-rays and TeV energies by about one or-
der of magnitude. To compensate the predicted SED for that
many additional particles there is little one can do, the mag-
netic field would need to decrease further, and a lower field,
in addition, would not correct the unrelated, overpredicted in-
verse Compton yield, which would then require much smaller
photon energy densities, also unlikely for such an active re-
gion. These results are summarized in Fig. 6. All in all, from
a fitting perspective, a sub-Bohm escape is not preferred. On
physical grounds, it also seems more reasonable that pulsars
of relatively low spin down power, generating a smaller mag-
netic field in their nebulae, will also produce less magnetic
irregularities, so that diffusion would be fast.
In any case, it is interesting to note that if despite the for-
mer arguments one considers that there are more particles in
the nebula because diffusion is less efficient, this will not pro-
vide a good matching model in cases without reverberation.
A sub-Bohm diffusion in a freely expanding nebula cannot
mimic the reverberation heating needed to explain the obser-
vations. Without reverberation, even without any diffusion,
the additional particles in the nebula do not produce an X-ray
yield close to the one observed (it is a factor of 100 lower,
see Fig. 6). [We recall that in addition, the radius of the neb-
ula without reverberation is much larger than observed, and
that if we reduce the age to compensate for the radius, the
SED mismatch would increase even further since there are
less electrons injected].
5.6. A comment on model degeneracy
Without further data (e.g., radio data, or an observationally
determined age, or a resolved TeV measurement) we should
not conclude on any of the specific values of the matching
model of Fig. 1 as being a precise prediction. Rather, we
should see that they are determining a plausible range. Rea-
sonable variations around the assumed values of the mass of
the ejecta, the ISM density, and the energy of the explosion
could also yield to a solution of similar features. However,
due to the fact that the solution is in the compression stage,
the spectrum is quite sensitive to variations. To verify such
statement we have run a range of models (all of equal age)
varying the low and high injection indices (γ1 = 1; 1.5, γ2 =
2.1; 2.4), the energy break (γb = 5 × 106; 1 × 107; 1.5 × 107),
the containment factor (ǫ = 0.3; 0.6), and the magnetization
(η = 0.03; 0.045; 0.06). Not many models are close to the
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Fig. 6.— Exploring the impact of diffusion in the solution found. The two
panels show: 1) Influence of the absence or the reduction of the escape
timescale in the number of electrons in the nebula. Models with no rever-
beration (nr) are also shown (for the same set of parameters, in green). The
matching model of Fig. 1 is depicted in black. 2) Predicted SED for mod-
els in the absence of (or with a reduced) escape. In green we also show the
predicted SED for models without reverberation.
X-ray data. Most of the models overpredict the data either be-
cause the population of electrons is too energetic or the mag-
netic field is too high or both. Fig. 7 shows some examples
of those models that do not overpredict nor underpredict the
data significantly.
Because of the size constraint discussed in §5.1, and under
the assumption of a smooth spin-down evolution, there is also
not much freedom in choosing the matching age. Nebulae
that today have different ages (and then have different spin-
down age and initial spin-down power) are hard to match to
the observational constraint of the size of the nebula, even
when some could be close to the spectral energy distribution.
6. DISCUSSION
Our simulations show that a rotationally-powered PWN
can generate the extended emission observed around
Swift J1834.9–0846 with no other source of energy beyond
the pulsar’s spin-down power. The latter is always (by model
construction) an upper limit to the injected energy in parti-
cles, which is given by (1 − η)Lsd(t) at any given time, with
η < 1 being the instantaneous sharing, also known as mag-
netic fraction. Our results do not preclude nor rule out further
injection of pairs. For instance, more particles could be in-
jected by a yet-unclear transfer of the magnetar’s magnetic
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Fig. 7.— Exploring the degeneracy in choosing matching parameters. All
models assume 7970 yrs of age. The black line stands for the model depicted
in Fig 1. Only the X-ray part of the spectral energy distribution is shown for
clarity. The values noted represent the only difference in the parameters of
these models in comparison with those shown in the last panel of Table 1.
field, twisted in the inner magnetosphere, into particle accel-
eration, or by short bursts. Instead, these results show that
an additional source of energy is not needed in order to un-
derstand the observations, under the assumption of a smooth
spin-down braking. The latter is the usual assumption for all
pulsars and PWNe, and is equally caveated: the pulsar evo-
lution could be far from such a pleasant ride. How much a
magnetar burst, for instance, may change the average proper-
ties of a surrounding PWN, are subjects for future studies.
Here, our study demonstrates the plausibility of a PWN ori-
gin of the emission without invoking any special relationship
with the high magnetic field at the surface of the neutron star.
This is in line with what we have already seen in a systematic
study of all TeV-detected PWNe: Nebula parameters such as
field, magnetization, break energy, etc. neither correlate nor
anti-correlate with the pulsar’s features, as determined from
the spin measurements (Torres et al. 2014). We have also seen
that high-B pulsars can maintain PWNe as well, and that ef-
ficiencies are not a good tracer of PWN observability as soon
as a complex time evolution for the particle injection and their
burning is considered.
A detailed dynamical-radiative model was used to see that
the size and the spectrum of Swift J1834.9–0846’s nebula can
be matched within a rotationally-powered scenario. The re-
quirement for this to happen is that the nebula should cur-
rently be compressed by the environment. We have found
that this is possible for an age of around 8000 years, about 1.6
times the estimated characteristic age. Thus, Swift J1834.9–
0846 is unrelated with W41 in this model, what seems likely
given the existence of several other candidates for such a con-
nection. The values of the magnetic field and the instanta-
neous sharing of energy in the nebula are similar to those
found in simulations for other systems. Swift J1834.9–0846’s
nebula would also be strongly particle-dominated, as all oth-
ers. Perhaps the most notable deviation in resulting parame-
ters appears for the break energy (107, with the typical value
being about few 106). Physically, this difference may sim-
ply point to the influence of reverberation, through adiabatic
heating.
We have shown that diffusion losses (i.e., particles escaping
from the nebula) are actually more important at high energies
than synchrotron losses. This is unusual, and is a result of
the low magnetic field that we found in the nebula. This may
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sound counter-intuitive taken into account the high field at the
surface of the magnetar, but it is not: The low PWN field is
a result of the low spin-down and period, and the large size
of the nebula, and it is driven in our model in the same way
we believe it is for all other PWNe. We have shown too that
a sub-Bohm diffusion is not preferred, and that the absence of
diffusion in freely-expanding nebulae cannot produce a good
match to the observational data. In fact, we have found, that a
rotationally-powered PWN can explain the observations only
when simulations consider reverberation effects. In this case,
simulations take into account that particles can gain energy
via adiabatic heating, thus enhancing the population of pairs
that can emit at X-ray energies. Particularly, we found that
the larger is the age along the compression process, the larger
is the energy at which the adiabatic (heating) timescale dom-
inates over the escape one, and the faster the particles gain
energy. For about a thousand years, then, a high luminosity
can be maintained. As soon as the compression burn off all
particles, and the pressure inside the PWN makes it bounce
producing a subsequent reduction of the magnetic field, the
luminosity will decrease. These results are in line (extrapolat-
ing several orders of magnitude, towards the magnetar realm)
the study of Bandiera (2014). He used a simplified analyti-
cal approach to show that middle age PWNe are more likely
observable during the reverberation phase. In particular, the
spin-down and X-ray luminosity of Swift J1834.9–0846 are
roughly consistent with the extrapolated curve in figure 3 of
Bandiera (2014) (i.e., Swift J1834.9–0846 is at or slightly
above the extrapolated tc+ line of figure 3 in that paper).
The need of reverberation for fitting the spectral and size
data can in fact explain why it would be difficult to find
other magnetar nebulae (or in general, other nebulae of pul-
sars having a low spin-down power). Only those nebulae
in the process of reverberating might shine enough to be-
come detectable by our instruments: Before reverberation, the
timescales for losses are just too long so that the rate of photon
emission is minimal. Too much time after reverberation, all
pairs are burnt, the magnetic field is low, and the nebulae may
again be invisible. Since reverberation in such low spin-down
power pulsars lasts for about a thousand years, it is reasonable
to find few such nebulae. The additional effect found so that
for a sufficiently low nebular magnetic field the catastrophic
losses dominate over synchrotron adds to the dim character of
the systems.
While this work was being prepared, two papers have
been published with opposite conclusions to the ones ob-
tained here, i.e., it is impossible to explain the observations
of Swift J1834.9–0846 with a rotationally-powered nebula
(Tong 2016, Granot et al. 2016). While these papers do not
present an spectral analysis via simulations as we do, they do
present interesting theoretical considerations that apparently
imply the inability of Swift J1834.9–0846 to rotationally-
power the nebula. Thus, it is important to discuss our results
upon the light of these considerations, in an effort to under-
stand the origin of the divergence in conclusions.
Tong (2016) proposes that the magnetar and the nebula
can both be understood in the framework of a wind braking
evolution. Tong’s (2016) claim to support the wind braking
(and rule out the rotationally-powered) scenario for the neb-
ula is that the magnetar’s rotational energy loss rate is not
enough to power the particle luminosity. He is considering
that only a small portion of the particle energy is converted
to non-thermal X-rays, and thus that the particle luminos-
ity of Swift J1834.9–0846 should be 1035 erg s−1 or higher,
depending on the X-ray efficiency. Since this is beyond the
spin-down power, the argument goes, the nebula cannot be
rotationally-powered. This is true only in the case in which
there is no accumulation of electrons in the nebula along the
lifetime of the pulsar. If we allow for time evolution, and
thus for accumulation of all electrons that are not burnt by
losses, one can have an instantaneous income of electrons al-
ways limited by the spin-down power at the time of the in-
jection, but many years for accumulating such electrons. The
X-ray emission we see today should not be directly compared
with the electron population injected today unless their burn-
ing is instantaneous, since the emission may not be dominated
by the fresh electrons, but by the burning of the accumulated
pairs.
Tong’s subsequent estimations relies in a number of radia-
tive and dynamical approximations. For instance, in an esti-
mate that would be equally applicable to essentially all nebu-
lae of a few pc in size, Tong (2016) imposed a lower limit to
the magnetic field at 240 µG. This magnetic field is so large
for a nebula that is not considered being compressed that not
even Crab reaches such value (e.g., Tanaka & Takahara 2010,
Bucciantini et al. 2011, Torres et al. 2013b). He also consid-
ered that the nebula is about a factor of 3 smaller than mea-
sured. However, a size of 1 pc (∼50 arcsec) is missing about
half the X-ray extended flux. This is contributing to over-
estimating the field as well as the needed particle density to
achieve the same nebula luminosity. He also assumed that the
nebula is in equipartition, despite no known nebulae seems
to be in such state e.g., see Tanaka & Takahara (2010), Buc-
ciantini et al. (2011), Torres et al. (2014). This yields to a
total pressure in particles that is > 200 times larger than the
one we derived in our models.
Granot et al. (2016) proposed that the nebula is powered
predominantly by outflows from the magnetar, whose main
energy source is said to be the decay of the internal magnetic
field. The conversion mechanism of this internal field into
accelerated particles in a wind is not understood. They have
also concluded that in the case Swift J1834.9–0846 is related
to W41, the magnetar velocity should be at most a few 10 km
s−1. They considered an age in the range 5 < tage < 100 kyr
for the complex, despite the lower end would be contradicting
the estimations by Tian et al. referred to above. By compar-
ing ours with Granot et al.’s work, and despite they seem to
echo Tong’s argument at times, it would seem that some of
the initial assumptions are very similar or the same than those
adopted here. Among similarities in the approaches are those
related to radiation, e.g., our finding of comparable magnetic
fields (ours is ∼5 µG, theirs has a fiducial value around 4µG in
a nebula of similar size), or the acceleration constraints con-
sidered to fix the maximum energy at injection (although we
track this along the time evolution of the nebula since Lsd(t),
B(t), etc. depend on time).4 Our obtained value of magnetiza-
tion and their considered range also seems to be comparable.
Differences –or at least an unclear direct comparison– rely on
how similar the assumptions for the age and thus the dynam-
ical evolution are. The approaches to deal with reverberation
are also different, ours is relying in a direct, numerical solu-
4 Strictly speaking, by measuring a given X-ray energy today one can only
conclude that at some moment in the pulsar’s history, there were in the nebula
particles energetic enough to produce it. An electron of higher energy than
those being injected today could have been borne at earlier times, and remain
in the nebula for as long as the acting losses over this electron allow.
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tion of the dynamical set of equations. We do not find elec-
trons cooling fast by synchrotron emission, but Granot et al.
(2016) do not seem to include diffusion losses along most of
their analysis. Without the latter, indeed synchrotron losses
dominate at high enough energies. We do find a tS ynch smaller
than the estimated age of the SNR W41 (which for us is larger
than 50 kyr), and we do not believe Swift J1834.9–0846 and
W41 are necessarily related. Other smaller differences may
also intervene. For instance, we do not make any radiative
approximations in our estimates of synchrotron emission, nor
on the determination of the magnetic field along time, nor on
the dynamical evolution, nor on the detailed balance (which
for us is searched by a numerical solution of the full diffusion-
loss equation). The concurrency of the impact of all of these
approximations is hard to track.
To finish, we would like to note that Swift J1834.9–
0846 and the environment of W41, as well as that of
XMMU J183435.3-084443 remains an exquisite case for
further investigation with forthcoming powerful instruments
such as the Square Kilometer (e.g., Taylor 2012) and the
Cherenkov Telescope Arrays (e.g., Actis et al. 2013). The
latter could provide observations sensitive enough to spatially
and spectrally separate the contributions to the total TeV emis-
sion, thus directly testing not only this work but models of
all sources involved. The former could provide constraints
to the lower-energy particle population in the nebulae which
would help determine model parameters that were currently
assumed. We look forward to doing these observations in the
near future.
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Bao and J. Martin for comments.
APPENDIX: MODEL FORMULAE
We show here some definitions used in the models. For
details see Martin, Torres & Pedaletti (2016) and references
therein.
• Spin-down luminosity and age:
L(t) = L0
(
1 + t
τ0
)− n+1
n−1
, (7)
where n the braking index and where
τ0 =
2τ
(n − 1) − tage (8)
and
L0 = Lsd(1 +
tage
τ0
) n+1n−1 . (9)
• Injection of particles:
Q(γ, t) = Q0(t)

(
γ
γb
)−α1 for γ ≤ γb,(
γ
γb
)−α2 for γ > γb, (10)
where the normalization term Q0(t) is computed using
the spin-down luminosity of the pulsar Lsd(t)
(1 − η)Lsd(t) =
∫ γmax
γmin
γmec
2Q(γ, t)dγ, (11)
η is the instantaneous sharing parameter, describing
the distribution of the spin-down power into the neb-
ula components. It is also usually called the magnetic
fraction of the nebula. No other source of energy is
considered.
• Maximum energy of particles:
The maximum energy that can be achieved is deter-
mined either by the synchrotron limit, established by
the balance between the energy loss by particles due to
synchrotron radiation and the energy gain during accel-
eration,
γ
sync
max (t) =
3mec2
4e
√
π
eB(t) , (12)
or by demanding confinement of the particles inside the
termination shock of the PWN,
γ
gyro
max (t) =
ǫeκ
mec2
√
ηL(t)
c
, (13)
being κ the magnetic compression ratio (we fix it as 3)
and ǫ is the containment fraction (ǫ < 1).
• Magnetic field evolution:
dWB(t)
dt = ηLsd(t) −
WB(t)
R(t)
dR(t)
dt , (14)
where WB = B2R3/6 the total magnetic energy, and
from where results
B(t) = 1
R2(t)
√
6η
∫ t
0
Lsd(t′)R(t′)dt′ (15)
• Diffusion-loss equation:
∂N(γ, t)
∂t
= Q(γ, t) − ∂
∂γ
[
γ˙(γ, t)N(γ, t)] − N(γ, t)
τ(γ, t) , (16)
The second term on the right hand side takes into ac-
count the energy losses due to synchrotron, inverse
Compton, and Bremsstrahlung interactions, as well as
the adiabatic losses. The last term on the right hand
side accounts for escaping particles (we assume Bohm
diffusion).
• Dynamical evolution:
To determine the nebula dynamical state we numeri-
cally solve the array of equations:
dR(t)
dt = v(t), (17)
M(t)dv(t)dt = 4πR
2(t)
[
P(t) − Pe j(R, t)
]
, (18)
dM(t)
dt = 4πR
2(t)ρe j(R, t)(v(t) − ve j(R, t)). (19)
The meaning of the variables is given in the text.
Eq. (19) only applies if ve j(R, t) < v(t). Otherwise,
dM(t)/dt = 0.
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To compute the pressure of the nebula the model con-
siders both the field and the particles, such that
P(t) = Pp(t) + PB(t), (20)
and where
PB(t) = B
2(t)
8π , (21)
and the pressure contributed by particles is
Pp(t) =
3(γpwn − 1)Ep(t)
4πR(t)3 . (22)
The energy of particles is computed directly from the
total population (i.e., it consider radiative losses)
Ep(t) =
∫ γmax
γmin
γmec
2N(γ, t)dγ. (23)
The PWN bounces and starts the Sedov phase when its pres-
sure reaches the pressure of the SNR’s Sedov solution, and
from there onwards it evolves following this equation
R4(tS edov)P(tS edov) = R4(t)P(t). (24)
We assume ω = 9 for the index of the SNR density power
law as in Chevalier & Fransson (1992); Blondin, Chevalier &
Frierson (2001); Gelfand, Slane & Zhang (2009). ve j, ρe j and
Pe j are the values of the velocity, density, and pressure of the
SNR ejecta at the position of the PWN shell. They are differ-
ent when the PWN shell is surrounded by unshocked ejecta
(i.e., the radius of the PWN is smaller than the radius of the
reverse shock of the SNR, R < Rrs), or by shocked ejecta
(where Rrs < R < Rsnr, being Rsnr the radius of the SNR). The
initial profiles for the unshocked medium are assumed fol-
lowing Truelove & McKee (1999), and Blondin, Chevalier &
Frierson (2001). To obtain the ve j, ρe j and Pe j profiles for the
shocked medium, we use the prescription given by Bandiera
(1984). For the shock trajectories we use the semi-analytic
model by Truelove & McKee (1999) for a non-radiative SNR.
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